INTRODUCTION {#sec0005}
============

Adult neurogenesis is the process by which new neurons are created from neural stem cells (NSCs) residing in the postnatal brain. This process is limited to very specific regions within the adult brain. In humans and other mammals, the subgranular zone (SGZ) of the dentate gyrus (DG) region of the hippocampus is one of only a few brain regions that is capable of generating new neurons throughout the life of the organism \[[@ref001]\]. In the DG, NSCs integrate both extrinsic and intrinsic signals to either maintain their quiescent state (qNSC) or to actively divide (aNSC). The aNSCs can mature and give rise to intermediate progenitor cells (IPCs), which subsequently differentiate into glutamatergic DG granule neurons or astrocytes.

Adult neurogenesis includes proliferation, neuronal fate specification, maturation, and functional integration into neuronal circuits. Each step requires input from a variety of pathways and is influenced by many regulators \[[@ref002]\]. Adult NSCs can divide symmetrically to create two identical daughter NSCs through a process called self-renewal. Self-renewal is an essential feature of all stem cells and is critical for maintaining limited stem cell pools and for expanding the populations of stem cells when needed. If stem cell maintenance is properly regulated, the NSCs in the adult brain contribute to brain plasticity during normal brain functions and participate in cellular regeneration upon injuries throughout the life of the organism. However, if aberrant NSC self-renewal occurs and NSCs fail to enter the cell cycle or become overly proliferative, it can deplete the NSC pool and cause declines in neurogenesis \[[@ref003]\]. Therefore, cell cycle regulation is key for the delicate balance between NSC maintenance and differentiation in adult neurogenesis. Another feature of adult NSCs is neural differentiation. As described below, a majority of adult NSCs differentiate into neurons *in vivo*. However, reduced neuronal differentiation has been found in a number of pathological conditions \[[@ref003]\]. In addition, cell cycle control of adult NSCs directly impacts neural differentiation of adult NSCs.

This review focuses on the fragile X family (FXRs) of RNA-binding proteins. The FXRs include fragile X mental retardation protein (FMRP), fragile X related protein 1 (FXR1P), and fragile X related protein 2 (FXR2P). All three FXRs are enriched in the brain \[[@ref004]\]. Although FXRs were thought to mainly regulate synaptic plasticity of mature neurons, recent studies have demonstrated critical roles of FXRs in NSCs and neurogenesis both during development and in adulthood \[[@ref004]\]. In this article, we will first give an overview of adult neurogenesis, its functional importance, and its regulation by cellular signaling pathways, especially cell-cycle regulators. Second, we will review the roles of FXRs in regulating adult neurogenesis, particularly their roles in NSC maintenance. Finally, we will discuss both common and unique mechanisms underlying how FXRs regulate adult neurogenesis, with an emphasis on NSC activation, quiescence, and the cell cycle.

THE FRAGILE X PROTEINS {#sec0010}
======================

Fragile X mental retardation protein is well-known for its causative role in FXS, the most common genetic cause of intellectual disability and the largest single genetic contributor to autism \[[@ref005]\] However, the other two FXRs are overlooked and underappreciated. FXR1P and FXR2P are highly similar to FMRP and can act as regulatory binding partners for FMRP's RNA targets \[[@ref006]\]. Structural and biochemical studies have shown that the three FXRs exhibit high homology in their RNA binding domains ([Fig. 2](#bpl-3-bpl170061-g002){ref-type="fig"}) and can form hetero-multimers, suggesting that FXRs have similar abilities in binding mRNAs and regulating protein translation \[[@ref011]\]. In fact, the only published genome-wide FXR1P binding (PAR-CLIP) analysis, using HA-tagged FXRs expressed in HEK293 cells, show that FXR1P and FMRP share \>95% of their targets \[[@ref014]\]. However other studies suggest that FXRs may have distinct functions and mechanisms of action \[[@ref011]\]. FXR1P and FXR2P are incapable of rescuing FMRP deficiency in the brain \[[@ref015]\]. Evidence is slowly accumulating about the unique and important roles of the individual FXRs in the brain and elsewhere. For example, FXR1P plays a critical role in development; it is the only FXR that when deleted leads to neonatal lethality \[[@ref018]\].

Fragile X syndrome and FMRP {#sec0015}
---------------------------

Fragile X syndrome affects about 1 in 4000 males and 1 in 7000 females \[[@ref019]\]. Physically, FXS patients are characterized by an elongated face, large ears, loose joints, flat feet, and macroorchidism \[[@ref019]\]. Studies of postmortem tissue from FSX individuals have found that neurons in several regions of the cortex have thin, dense, immature spines, indicative of FMRP's importance in the brain \[[@ref020]\]. FXS individuals typically exhibit some form of intellectual disability and 15--60% of FXS patients exhibits autistic traits \[[@ref019]\]. Autism is a complex disease with multiple genetic factors, but FXS serves as a genetic model for autism because FMRP is the largest single-gene contributor to autism \[[@ref019]\].

Fragile X mental retardation protein was named and identified by the 'fragile' site created on the X chromosome (Xq27.3) due to the expansion of a CGG repeat in its 5' untranslated region (5'UTR). Most people have 30 to 31 CGG repeats in their *FMR1* gene, and up to about 45 repeats is considered normal \[[@ref021]\]. If the number of CGG repeats is 55 to 200, it is called a premutation, and the repeats tend to expand through meiosis. Individuals who have a premutation have an increased likelihood of developing fragile X--related primary ovarian insufficiency (FXPOI) and fragile X--associated tremor/ataxia syndrome (FXTAS) \[[@ref022]\]. Twenty percent of female premutation carriers have fertility issues early in life associated with FXPOI \[[@ref023]\]. On the other hand, FXTAS is a neurodegenerative disorder that occurs more prominently in older males \[[@ref022]\]. When the number of CGG repeats is longer than 200, the repeats are methylated and the *FMR1* gene is silenced, causing FXS \[[@ref019]\]. As of yet, we do not fully understand either the mechanism of CGG-repeat expansion or the biological process controlling *FMR1* gene silencing. Studying these mechanisms will require the use of human models because A) mouse models for premutation exhibit significantly less germline instability than human individuals with premutations, and B) mouse models do not exhibit CGG-repeat methylation and silencing.

Mouse models of fragile X syndrome exhibit region-specific alterations in hippocampal adult neurogenesis and altered behavioral phenotypes, such as spatial learning and memory \[[@ref024]\]. A majority of FXS symptoms are attributed to the regulation of group 1 metabotropic glutamate receptor-dependent long-term depression (mGluR-LTD) \[[@ref025]\]. According to the mGluR theory, FMRP represses translation of its mRNA targets in post-synaptic spines until mGluR5 is stimulated and activates local protein synthesis \[[@ref025]\]. This synthesis leads to the internalization of AMPA (*α*-amino-3-hydoxyl-4-isoxazole propionic acid) receptors leading to LTD in neurons. Without FMRP, protein synthesis is constantly heightened, increasing AMPA internalization and enhancing LTD, which impairs synaptic plasticity, and learning and memory in the brain. This discovery has led to a variety of clinical trials; however very few of these have been successful \[[@ref026]\]. It is important to not overlook other potential regulators of FMRP targets, such as FXR1P and FXR2P.

In addition to mGluR, FMRP also targets glutamate signaling through the N-methyl-D-aspartate receptor (NMDAR). NMDAR signaling is highly related to adult neurogenesis in the dentate gyrus \[[@ref027]\] and dysfunction of NMDAR has been shown in FXS models \[[@ref029]\]. FMRP associates with the mRNA of NMDAR subunits, including GluN1, GluN2A, and GluN2B \[[@ref033]\] and regulates a number of synaptic proteins involved in NMDA receptor signaling \[[@ref034]\]. *Fmr1* knockout mice show reduced NMDAR-dependent long-term potentiation (LTP) \[[@ref029]\] and levels of NMDAR subunits (GluN1, GluN2A, and GluN2B) in the DG. Treatment with the NMDAR co-agonist glycine can rescue impairments in NMDAR-dependent synaptic plasticity in the DG \[[@ref030]\]. Female mice with heterozygous loss of the *Fmr1* gene showed impairments in a pattern-separation task known to be related to adult neurogenesis in the DG as well as significant impairments in both NMDAR-dependent LTD and LTP \[[@ref031]\]. In the hippocampal region as a whole, GluN2B is hyperactive in *Fmr1* knockout mice, GluN2B-specific inhibitors can rescue mGluR-LTD, suggesting dysregulated NMDARs leads to altered mGluR-LTD in the FXS mouse model \[[@ref032]\]. The molecular mechanism undergoing the alteration of synaptic plasticity in the hippocampus, especially the DG, induced by dysregulated NMDAR signaling remains to be elucidated. However, the NMDAR agonist and NMDAR subunit-inhibitor treatment have been shown to rescue the altered phenotypes in the FXS mouse model and modulating the NMDAR may serve as a potent treatment for learning and memory impairment in FXS patients.

Structure and function of FXRs {#sec0020}
------------------------------

Once *FMR1* was sequenced, identification of the human *FXR1* (3q28) and *FXR2* (17p13.1) via sequence homology and yeast two-hybrid screening quickly followed \[[@ref008]\]. Unlike *FMR1*, the *FXR1* and *FXR2* genes are autosomal, which requires both copies of the gene to be affected to show a deleterious phenotype. That makes FXR1P and FXR2P less likely to cause disease. Similar to *FMR1*, the *FXR2* gene also contains CGG repeats in the 5'UTR; however, no CGG expansion or silencing of *FXR2* gene has been observed \[[@ref036]\]. The FXR proteins are highly conserved, even to the point of conserving exon size between the mouse and human version of each gene. Each gene contains 17 exons. Exons 11 and 12 of the *FMR1* gene are unique, and *FXR1* and *FXR2* have similar exons 16 and 17 that are not present in *FMR1* \[[@ref036]\]. The overall conserved gene structure indicates a shared ancestor. *Drosophila melanogaster* only has one FXR gene, *dfmr1*, which is missing exons 11 and 12. It is thought that as *Fmr1* gene evolved, it acquired additional exons and duplicated to create the other FXR genes. The FXRs have highly similar gene sequences, but their differences indicate they have unique functions.

Proteins in the FXR family are also very similar in structure. ([Fig. 2](#bpl-3-bpl170061-g002){ref-type="fig"}). Each FXR protein contains a nuclear localization sequence (NLS), an N-terminal protein-binding domain (NTD), two hnRNP homology domains (KH) domains, a nuclear export sequence (NES), and an arginine-glycine-glycine box (RGG) ([Fig. 2](#bpl-3-bpl170061-g002){ref-type="fig"}). The NTD is important for protein-protein interactions and is required for associating with the 60S ribosomal subunit \[[@ref037]\]. Curiously, even though FXRs are RBPs, the NTD contains two agenet domains. Agenet domains are similar to tudor domains in plants and are typically found in chromatin interactors \[[@ref039]\]. Structurally, this region is similar to UHRF1, which binds methylated H3K9 \[[@ref041]\]. This mystery was partially solved when FMRP was found to bind chromatin and DNA damage response (DDR) proteins that are important in spermatogenesis, which may relate to the macroorchidism seen in FXS patients \[[@ref042]\]. Preliminary findings suggest that FXR2P is also capable of binding methylated histones \[[@ref041]\]. Investigating the association of DDR proteins and FXRs could be an interesting avenue of study in the brain, as other markers of DNA damage are associated with learning and memory in the hippocampus \[[@ref043]\].

All FXRs contain an NLS and NES. The NLS enhances RNA affinity and association of between the FXRs \[[@ref044]\]. The NLS is also pathologically relevant, as a mutation in *Fmr1*'s NLS was identified in a male patient with developmental delay \[[@ref045]\]. FXR1P and FXR2P also contain a nucleolar targeting signal (NoS) in their C-termini, but the NoS is absent in some FXR1P isoforms \[[@ref046]\]. All FXRs shuttle through exportin-1, with FMRP shuttling from the nucleus to the cytoplasm and FXR2P shuttling from the nucleolus, but FXR1P's shuttling is isoform-dependent \[[@ref046]\]. Although these proteins are highly similar, differences in sub-cellular localization and shuttling could indicate different functional roles for FXRs in RNA metabolism. As of yet, none of these proteins has been directly connected to RNA splicing, but it is a functional possibility.

The FXRs were first classified as RBPs due to their KH and RGG domains. The RGG box is important for binding poly(G) *in vitro* and binds to G quartets, a secondary RNA structure where the four guanines line up in a plane \[[@ref037]\]. The ability to bind G quartets varies between the FXRs; besides FMRP, only the longest isoform of FXR1P has this ability \[[@ref050]\]. Methylation of the arginine in the RGG domain can alter the affinity of these RNA targets \[[@ref048]\]. However, only a minority of FMRP targets contain RGG structure or the pseudoknot known as the kissing complex \[[@ref051]\]. High-throughput sequencing of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) in HEK293 cells shows that most FXR targets contain ACUK or WGGA, where K is G/U and W is A/U \[[@ref014]\]. In fact, all the FXRs can bind throughout an mRNA, including exons and 3'UTRs \[[@ref048]\]. A more general binding sequence allows the FXRs to bind a large variety of RNA targets. The KH domain was first identified in heterogeneous nuclear ribonucleoprotein K (hnRNP K) and is found in RBPs from bacteria to humans \[[@ref053]\]. The KH domain mediates FXRs binding to RNA, and a single amino acid change is enough to cause FXS \[[@ref054]\]. The KH domain and the NTD are both essential for FXRs to associate with the 60S ribosomal subunit and polyribosomes \[[@ref009]\]. FXRs are also capable of hetero- or homo-dimerizing with each other through the KH domains, existing in RNA granules in axons and presynaptic terminals \[[@ref006]\]. This implies that they are capable of co-regulating a subset of RNA targets.

Localization and expression patterns {#sec0025}
------------------------------------

The FXRs are ubiquitously expressed proteins. However, their levels of expression vary greatly between tissues. FXRs have the highest expression in the brain and testes \[[@ref057]\]. FXR1P is the only FXR that is highly expressed in heart and skeletal muscles \[[@ref057]\]. This is indicative of FXR1P's unique regulatory function in muscle cells and their myogenic precursors \[[@ref062]\]. In the human brain, FXRs are most highly expressed in cortical neurons, cerebellar Purkinje neurons, and the brain stem. FXRs are commonly expressed in the same tissues, but subtle expression differences in cell types and cellular compartments throughout development indicate separate targets and functions \[[@ref057]\]. Examining neurons at a subcellular level, FXRs are found in dendrites and presynaptic spines \[[@ref006]\]. In the cytoplasm, FXRs associate with ribosomes, RNA, and other proteins in ribonuclear particles (RNPs) \[[@ref037]\]. FXRs are also found presynaptically in axons, specifically in the thalamus, the CA3 region, and the olfactory bulb \[[@ref006]\]. In axons, FXRs associate with one another in fragile X granules (FXGs) \[[@ref010]\]. FXGs are dependent on FXR2P and disappear if *Fxr2* is deleted \[[@ref010]\]. The association of different combinations of FXRs could modulate or alter target mRNA expression.

RNA regulation by FXRs {#sec0030}
----------------------

The FXRs can regulate RNAs in several ways. They can affect RNA stability or translational efficiency. More specifically, FMRP is typically thought to inhibit translation initiation or translation elongation. FXRs also have the potential to utilize the microRNA pathway to regulate their targets. Most of these mechanisms were discovered through FMRP's role in neurons and have not been demonstrated for FXR1P and FXR2P. But as more is learned about the other FXRs, many of these regulatory mechanisms appear to be similar, although their targets may be different.

FMRP regulates translation by two different mechanisms: either by inhibiting translation initiation or by inhibiting elongation. FMRP interacts directly with cytoplasmic FMR1 interacting protein (CYFIP1), which is structurally similar to 4E-BP \[[@ref069]\]. This protein binds the translation initiation factor, eIF4E, to stop the formation of the translation initiation complex, regulating MAP1B, APP, and *α*CaMKII protein levels in neurons \[[@ref069]\]. The FMRP/CYFIP1 interaction is regulated in an activity-dependent manner, and dissociates when neurons are stimulated with BDNF or DHPG \[[@ref069]\]. This is unlikely to be an exact mechanism for FXR1P or FXR2P action, since they bind CYFIP2 and not CYFIP1 \[[@ref070]\], although a related mechanism is possible. Elongation stalling is the most accepted mechanism for FMRP's regulation of translation. This is most likely because of a large-scale HITS-CLIP study on RNA isolated from the whole brain, which found that FMRP binds throughout the open reading frame (ORF) and not just the UTRs \[[@ref072]\]. FMRP can associate with stalled polyribosomes when it is phosphorylated, and de-phosphorylation leads to active translation \[[@ref073]\]. Phosphorylation of FMRP is activity-dependent in neurons \[[@ref074]\]. De-phosphorylation and active translation is required for synaptic pruning \[[@ref075]\]. This results in decreased pruning in neurons of *Fmr1* knockout mice, which are characterized by dense immature spines \[[@ref076]\]. Activity-dependent elongation stalling has not been shown for the other FXRs, even though they have many of the characteristics needed for this process. FXR1P and FXR2P both bind throughout mRNAs, associate with polyribosomes, and have the same conserved phosphorylation residue as FMRP \[[@ref007]\]. Therefore, it should be examined whether FXR1P and FXR2P utilize the same regulatory mechanisms used by FMRP.

FXRs can also regulate translation or mRNA stability through the microRNA (miR) pathway. All three FXRs can associate with miRs and/or their precursors in human cells via their KH domains \[[@ref082]\]. Although an early study in mouse embryonic fibroblasts suggested that FMRP and RNA-induced silencing complex (RISC) targets do not overlap, studies in neurons found that FMRP associates with miRs to affect spine morphology and regulate PSD-95 \[[@ref084]\]. In an added level of regulation, translational repression of PSD-95 through the miR pathway is enhanced by FMRP phosphorylation, which can be reverted with neuronal stimulation \[[@ref085]\]. Independent of FMRP, FXR1P controls miR-9 and miR-124 levels in the embryonic brain \[[@ref087]\]. But the details and differences in FMRP and FXR1P targets and mechanisms still need to be explored. In 293 cells, FXR1P and Argonaute 2 (AGO2) associate with AU-rich elements (AREs) for translational activation that induces cell cycle arrest \[[@ref088]\]. These proteins can switch from translational activation to repression during the cell cycle in association with miR369-3 or Let-7 \[[@ref089]\]. FXR1P isoform a and AGO2 also activate translation to maintain quiescence in *Xenopus laevis* oocytes \[[@ref090]\]. Although p21's regulation has not been directly connected to the RISC pathway yet, FXR1P does regulate *p21* mRNA stability through AREs in its 3'UTR \[[@ref092]\]. FXR1P's regulation of *p21* controls proliferation in myoblasts, as well as quiescence in cancer \[[@ref092]\]. In addition, there are miRs that inhibit *p21* mRNA and promote cell cycle progression \[[@ref094]\]. It is possible that FXR1P is an important cell cycle regulator in proliferative cell types, such as NSCs \[[@ref192]\]. No further work has been done to examine this regulatory function in the brain.

ADULT NEUROGENESIS {#sec0035}
==================

Neurogenesis is the process of creating new neurons. For years, neurogenesis was thought to occur only in the developing brain and not in mature mammals. In 1965, Altman and Das published the first evidence of neurogenesis in the adult brain \[[@ref095]\]. They injected ^3^H-thymidine into adult rats, which was incorporated into newly synthesized DNA. The only cells that can incorporate ^3^H-thymidine are ones that are pre-mitotic and capable of dividing, such as stem or progenitor cells. After examining the hippocampus two months later, they found labeling in cells with the morphology of mature neurons, suggesting the existence of proliferating precursors that are capable of neuronal differentiation. At the time there was no way to confirm that these cells were neurons. Therefore, these findings were largely ignored until additional studies supported this claim.

After years of controversy, and numerous studies in a variety of species, the concept of adult neurogenesis is largely accepted in the neuroscience field \[[@ref001]\]. In mammals, there are two main sites of adult neurogenesis: the subgranular zone of the dentate gyrus of the hippocampus, and the subventricular zone (SVZ) of the lateral ventricles. Each site contains a small population of mainly quiescent adult NSCs. These cells are multi-potent, meaning that they can differentiate into glia and neurons, the main cell types of the brain. During neurogenesis, NSCs divide to produce proliferative intermediates, which differentiate into immature neurons before integrating into the neuronal circuitry. In mice, this process takes 4--8 weeks. Although new neurons are continuously generated, they need to receive the proper signaling both intrinsically and extrinsically to survive.

Neurogenesis in the SVZ supplies new neurons to the olfactory bulb (OB). This process is highly active in rodents that rely on smell for social cues and to find food. The stem cell population of the SVZ is made up of type B cells. These cells cluster together, surrounded by a 'pinwheel' of ependymal cells, and project their single cilium into the lateral ventricle \[[@ref096]\]. This cilium probably acts as a sensor, detecting environmental cues for proliferation. Type B cells are similar to astrocytes and express several astrocyte proteins, such as glial fibrillary acidic protein (GFAP), glutamate aspartate lipid transporter (GLAST) and brain lipid-binding protein (BLBP) \[[@ref097]\]. Quiescent type B cells can be isolated using a cell surface marker, CD133 \[[@ref100]\], and activated type B cells going through the cell cycle are marked by the intermediate filament, NESTIN \[[@ref097]\]. Type B cells can divide asymmetrically and give rise to one type B and one type C daughter cell \[[@ref101]\]. However, none of these markers is unique to NSCs. Therefore, one of the challenges of studying adult neurogenesis is the lack of a single unique marker to identify the entire population of NSCs. Type C cells are a population of intermediate progenitor cells (IPCs), also known as transient amplifying progenitors. Type C cells express the transcription factors MASH1 and DLX2. These cells divide symmetrically several times and then produce type A cells, also known as neuroblasts (NBs), which express Doublecortin (DCX) and polysialylated neural-cell-adhesion molecule (PSA-NCAM) \[[@ref101]\]. Type A cells migrate from the lateral ventricle to the OB in a long chain ensheathed by glia, in what is known as the rostral migratory stream (RMS) \[[@ref102]\]. Despite traveling long distances at a rapid rate, relatively few of these cells migrate off course. Once they reach the OB, these cells disperse radially, and the majority mature into *γ*-aminobutyric acid (GABA)-expressing GABAergic interneurons.

In the SGZ of the DG, the NSCs are a mostly quiescent population of radial glia-like cells (RGLs), also known as type I cells, that express both NESTIN and GFAP. These cells have a pyramidal cell body that sends a single projection through the granular zone, which terminates in a bushy top for morphogen sensing. In recent years, advancement in clonal analysis and single cell sequencing methods have led to many more discoveries about this small number of NSCs. Clonal analysis has confirmed that RGLs in the adult hippocampus are proliferative and multi-potent \[[@ref104]\]. RGLs can either divide symmetrically to produce two RGLs to maintain the stem cell pool or divide asymmetrically to produce RGLs, IPCs, and/or terminally differentiated astrocytes \[[@ref105]\]. As RGLs reach their final division and transition to astrocytes, their single projection becomes shorter and bushier \[[@ref104]\]. Many factors can affect RGL division. For example, seizures can induce RGL activation and their symmetric division into reactive astrocytes leading to depletion of the stem cell pool \[[@ref106]\]. Once activated, RGLs can only divide 2-3 times before terminal differentiation into astrocytes, which contributes to the decline of neurogenesis with age \[[@ref105]\]. Therefore, NSC activation must be tightly regulated so that a stem cell pool can be maintained for the continuous generation of new neurons into old age.

Intermediate progenitor cells express TBR2 and can proliferate or transition to NBs that express DCX and PSA-NCAM \[[@ref104]\]. NBs have limited proliferative ability and can differentiate into immature neurons that are no longer capable of proliferation. Immature neurons require survival signals from their surrounding environment, including other neurons, to mature and integrate into the neuronal network. Bromodeoxyuridine (BrdU) labeling studies have shown that only about half of proliferating cells (NSCs, IPCs, NBs) survive after 4 weeks and a great majority of these cells are neurons \[[@ref108]\]. Maturation of new neurons is a long process requiring a variety of signaling inputs as well as changes in morphology and physiology. During the first week after a new neuron is 'born' -- meaning after it commits to the neuronal lineage and becomes post-mitotic -- it migrates a short distance into the granular layer and is tonically activated by GABA \[[@ref109]\]. In the next week, the dendrite begins to grow and extend toward the molecular layer, while the mossy fiber (axon) grows into the hilus of the DG and extends toward the (carbonic anhydrase 3) CA3 region of the hippocampus \[[@ref109]\]. At this point, GABA signals from the local granular cells are important for the new neuron's survival, as well as the creation of dendritic arbors and synapses \[[@ref110]\]. In the third week, the new neuron starts to make synapses with its newly formed dendritic spines and integrates into the neuronal network by connecting to CA3 neurons, and also creates local connections \[[@ref116]\]. The third week is also when GABA switches from being an activating to an inhibitory signal and glutamatergic signals become key for synaptic integration and survival \[[@ref110]\]. Neurons that are 2-3 weeks old are highly excitable, having both high resting potentials and membrane resistance \[[@ref110]\]. At 4--6 weeks, these neurons have a lower activation threshold for long-term potentiation (LTP) and give higher LTP signals than mature neurons, translating into stronger synaptic plasticity \[[@ref118]\]. Once neurons are 8 weeks old, they have mostly finished their complex development and may be indistinguishable from mature neurons.

Adult neurogenesis in humans {#sec0040}
----------------------------

Adult neurogenesis in rodents was first discovered over fifty years ago, but evidence of adult human neurogenesis has been considerably more difficult to demonstrate \[[@ref095]\]. The first direct evidence came from examining the brains of cancer patients who had previously been injected with the thymidine analog, BrdU, during adulthood \[[@ref120]\]. These patients had sparse BrdU labeling in their hippocampal but not cortical neurons, demonstrating the neurogenic potential of the adult DG. Additional evidence came from the study of healthy post-mortem tissue using progenitor and immature neuron markers. It has been shown that the brains of humans from birth to age 100 can be labeled with stem cell markers Sex Determining Region Y-Box 2 (SOX2) and NESTIN, but the frequency of positive labeling declines with age \[[@ref121]\]. Most studies of human neurogenesis used markers for cell proliferation, such as Ki67, MCM2 (minichromosome maintenance complex component 2), PCNA (proliferating cell nuclear antigen), and markers for neuroblasts and immature neurons (DCX, PSA-NCAM) \[[@ref121]\]. The numbers of these immature cells decrease dramatically during the first year of life and then further decline fivefold from age 20 to 100 \[[@ref123]\]. This is consistent with observations that the total number of hippocampal neurons decline with age, but the decline is less pronounced in the DG region, most likely due to its neurogenic capacity \[[@ref124]\].

In the SVZ, evidence of adult neurogenesis is relatively weak. Initial work identified GFAP-positive cells lining the lateral ventricle that could be cultured as neurospheres and would differentiate into neurons, astrocytes, and oligodendrocytes \[[@ref129]\]. But this group could not identify any migrating NBs using classical markers. Following this work, another group identified a hollow tube of PCNA-positive cells extending from the lateral ventricle to the olfactory bulb \[[@ref130]\]. Since then, however, demonstration of an RMS-like structure has only been successful in fetal and infant tissues, where short chains of DCX and PSA-NCAM-positive cells migrate to the ventromedial prefrontal cortex \[[@ref131]\]. DCX and proliferation markers appear to drop off after birth, with very few cells seen after 8 months of age \[[@ref131]\]. It is possible that a small number of NBs could have a larger effect in humans or that this difference may stem from the greater importance of the olfactory system in rodents versus humans. Humans have one-third the number of olfactory receptors that mice do, and yet have three times the amount of glomeruli in their olfactory bulbs \[[@ref133]\]. This disparity, coupled with the social and food-gathering importance of smell in mice, supports the organizational and neurogenic differences seen between the two species.

Recently, a new method providing direct evidence for human adult neurogenesis was developed. This technique, called cell birth dating, is based on the radiocarbon-dating method used predominantly in paleontology to date dinosaur bones and other artifacts. Historically, C^14^ levels have been extremely low in the atmosphere. During the Cold War, with above ground nuclear testing, C^14^ levels spiked until the nuclear armistice and have been declining ever since \[[@ref134]\]. Carbon dioxide in the atmosphere contains C^14^ and is taken up by plants during photosynthesis and by humans consuming plants. Once it enters the human body, C^14^ is stably incorporated into DNA. This method of carbon dating compares the level of C^14^ in cells to known yearly levels of C^14^ in the atmosphere to determine the year a cell was born. It was found that hippocampal DG neurons exhibit significant turnover after birth, providing the second piece of direct evidence for adult neurogenesis since the Eriksson study in 1998 \[[@ref120]\]. As controls, cortical neurons were found to have birthdates similar to their subjects, whereas intestinal cells with fast turnover rates were found to have birthdates close to the year of the subjects' deaths \[[@ref135]\]. Using computer simulations, it is estimated that 1.75% of DG neurons are replaced every year, implying that 700 new neurons are created time.

Considering the large number of new DG neurons generated daily and the importance of adult neurogenesis in learning and memory, it is not surprising that this process is affected in several neuropsychological and neurodevelopmental diseases. Patients with major depressive disorders (MDD), schizophrenia, addiction, or anxiety disorders exhibit decreased hippocampal volumes \[[@ref003]\]. MDD patients who received treatment with antidepressants have larger DG and granular cell layer volumes \[[@ref137]\]. Hippocampal volumes are also smaller in patients with memory disorders \[[@ref138]\]. Further targeted molecular studies in mouse models have lent support for disease-related proteins causing changes in adult neurogenesis \[[@ref145]\]. These include disease genes for intellectual disabilities such as Rett syndrome and fragile X syndrome (FXS) \[[@ref001]\]. Better understanding the changes in adult neurogenesis could have promising implications for disease treatments as well as understanding learning and memory.

Rodent models are essential for determining the molecular mechanisms of adult neurogenesis. Further studies in human patients are also needed to fully understand the impact of neurological disease on adult neurogenesis. This requires advances in imaging techniques to examine neurogenesis in living patients. Measurement of hippocampal volume is a crude estimate of neurogenesis and could be indicative of other changes, including neuronal soma size, dendritic changes, or changes in glia \[[@ref146]\]. Besides magnetic resonance imaging (MRI), which is used for volume measurements, there are two other technologies used to visualize adult neurogenesis. Magnetic resonance spectroscopy (MRS) detects neurogenic-specific metabolites that decline with age \[[@ref147]\]. Based on the close association of neurogenesis and angiogenesis, measuring cerebral blood volume (CBV) is also used to map exercise-induced neurogenesis \[[@ref148]\]. All these methods, however, only offer indirect support for human neurogenesis. We are still lacking an independent method to validate these findings \[[@ref149]\]. At this point, rodent models continue to be our best option for a detailed examination of adult neurogenesis.

Functional importance of adult neurogenesis {#sec0045}
-------------------------------------------

New neurons are hyper-excitable and highly plastic, making them perfect for learning and creating new memories. When newborn neurons are 4-6 weeks old they have the greatest impact on memory \[[@ref150]\]. Adult neurogenesis was first associated with behavior in canaries, which create new neurons as they learn new songs \[[@ref151]\]. Additional neurogenesis-associated behaviors were learned from hippocampal lesions and neurogenesis ablation studies in rodents \[[@ref153]\]. Initially, neurogenesis-associated behaviors were difficult to identify. The behavioral tests needed to be properly timed to the emergence of new neurons \[[@ref153]\]. Differences in species and strains also confounded these results \[[@ref108]\]. Tasks with simple associations are largely independent of neurogenesis, whereas tasks that require complex associations or distinguishing between similar objects or locations, have higher neurogenesis components. Now there are a set of learning and memory tasks that are considered dependent on hippocampal adult neurogenesis. These include complex spatial learning tasks (radial arm maze, Morris water maze, Barnes maze, novel location test), and contextual and trace learning tasks \[[@ref001]\]. In addition to learning and memory tasks, adult neurogenesis has also been implicated in anxiety, depression, and sociability \[[@ref154]\].

Interestingly, there is a reciprocal effect of learning and adult neurogenesis. New neurons are required to learn and recall. At the same time, hippocampal-dependent learning also increases the number of new DG neurons \[[@ref117]\]. Other physical stimuli, such as enriched environments and voluntary running, also impact neurogenesis and subsequent learning, perhaps by activating mature neurons in the hippocampal network. Enriched environments, which for rodents can mean cages with extra stimuli beyond the standard food, water, and bedding, are found to enhance survival of new neurons \[[@ref150]\]. Survival benefits seem to affect neurons that are under three weeks old, which need the most stimulation from surrounding neurons \[[@ref168]\]. Voluntary running increases proliferation of aNSCs and can rescue the age-dependent decline in neurogenesis \[[@ref169]\], which is coupled with increased survival for new neurons \[[@ref171]\]. The exact mechanism underlying exercise-induced effect is unknown but may be caused by stimulation of the neuronal network or increased angiogenesis and blood flow. Whatever the reason, neuronal maturation, connectivity, and integration are altered by experience and environment \[[@ref109]\].

Adult neurogenesis regulates learning and memory, which require subtle distinctions in place, patterns or associations. The very acts of learning and memorization also affect neurogenesis, altering the proliferation of aNSCs and the survival of new neurons in need-based ways \[[@ref175]\]. Neurogenesis may also contribute emotional stability by affecting anxiety and depression \[[@ref135]\]. Although the majority of the studies referenced here are based on rodent models, the connections between adult neurogenesis and higher order learning should prompt us to examine adult neurogenesis in humans.

Cell cycle regulation of adult neurogenesis {#sec0050}
-------------------------------------------

The cell cycle process is an ordered series of events that allows for the cell to grow, replicate its DNA, and divide to produce two daughter cells. The cell cycle is divided into four phases that repeat as follows: G1 (growth phase 1), S (DNA synthesis), G2 (growth phase 2), and M (mitosis). When cells, such as neurons, exit the cell cycle, they enter the G0 phase and are generally considered post-mitotic or quiescent. It is important to note that quiescent stem cells can be stimulated to re-enter the cell cycle with the correct signals. Pairs of cyclins and cyclin-dependent kinases (CDKs) drive the progression of the cell cycle. Two families of cyclin-dependent kinase inhibitors (CKIs) negatively regulate Cyclin/CDK pairs: cytokine inducible proteins (CIPs), also known as kinase interacting proteins (KIPs), and inhibitors of CDK4s (INK4s). G1 is the longest phase of the cell cycle and is when the cell prepares for DNA replication. In this phase, CDK4/6 binds Cyclin D to phosphorylate the retinoblastoma protein (RB). This prevents RB from binding and inhibiting the E2F transcription factors allowing E2F to enter the nucleus and initiate the expression of genes required for cell cycle progression, including Cyclin E. At the checkpoint between G1 and S phases, when the cell is ready to replicate its DNA, a Cdk2-Cyclin E complex is formed, which further phosphorylates and inactivates RB. This allows for transcription of genes needed for S phase. In S phase, CDK2 complexes with Cyclin A to continue to drive the cell cycle forward. As S phase transitions to G2, CDK1 binds Cyclin A. To reach the M phase, CDK1 binds Cyclin B in a complex known as the mitosis-promoting factor (MPF).

The cell cycle and the proteins involved in it have a great deal of influence on adult NSC fate, particularly their proliferation, maintenance, quiescence, and differentiation. Each NSC is able to undergo a limited number of divisions. If NSCs divide too often without maintaining the stem cell pool, then neurogenesis cannot be sustained. Changes in cell cycle regulation also affect neuronal differentiation. In fact, there is a fairly well-documented theory known as the cell cycle length hypothesis \[[@ref177]\], which states that the length of the G1 phase of the cell cycle determines whether a cell will proliferate or differentiate. NSCs with short G1 phases continue to proliferate, whereas those with lengthened G1 phases have time to switch over to neurogenesis. Taken together, it is not surprising that both the cell signaling pathways mentioned above and the FXRs regulate cell cycle proteins. Examples of cell cycle factors regulating adult neurogenesis are illustrated in [Fig. 1](#bpl-3-bpl170061-g001){ref-type="fig"}.

![Schematic illustration of cell cycle factors of adult hippocampal neurogenesis. Cell lineage-specific markers are shown at the bottom. Cell cycle regulators in orange promote proliferation or differentiation. Cell cycle factors in purple inhibit proliferation and promote quiescence. RGL, radial glia-like cell; IPC, intermediate progenitor cell.](bpl-3-bpl170061-g001){#bpl-3-bpl170061-g001}

![Comparison of human FXR proteins. NTD: N-terminal protein binding domain that contains two agenet domains; NLS: Nuclear localization sequence; KH1 & KH2: RNA-binding domains; NES: Nuclear export sequence; RGG: RNA-binding domain; NoS: Nucleolar localization sequence.](bpl-3-bpl170061-g002){#bpl-3-bpl170061-g002}

REGULATION OF ADULT NEUROGENESIS BY FRAGILE X PROTEINS {#sec0055}
======================================================

FMRP {#sec0060}
----

It is no surprise that the best-studied FXR in both embryonic and adult neurogenesis is FMRP \[[@ref004]\]. In mouse embryonic neurogenesis, the loss of FMRP increased the proliferation capacity of isolated stem cells, which was coupled with an increase in neuronal differentiation \[[@ref178]\]. This effect may be more pronounced in human cells, but this finding needs further confirmation \[[@ref178]\]. In the mouse neocortex, loss of FMRP increased the proliferation of TBR2 + cells, leading to an increase in the number of pyramidal neurons, specifically in layer V of the cortex \[[@ref180]\]. These findings were recapitulated in *Drosophila melanogaster* brain development; deletion of its only FXR gene, *dFmr1*, resulted in an increase in proliferative neuroblasts, which increased the number of new neurons \[[@ref181]\]. It was hypothesized that dFMR1 regulates quiescence in neuroblasts, allowing for the maintenance of the stem cell pool \[[@ref181]\]. A similar mechanism was proposed in mice, where FMRP controls the transition of radial glia cells into intermediate progenitors in embryonic neurogenesis. When FMRP was down-regulated, the number of radial glia cells was depleted by the increasing rate of this transition \[[@ref182]\]. In the embryonic brain, FMRP appears to be responsible for maintenance of the stem cell pool, and this regulation is conserved across species. Without FMRP, more embryonic stem cells complete neurogenesis, resulting in more neurons. The signaling pathways and RNA targets involved in this regulation, however, remain unclear.

In adult mice, FMRP also inhibits NSC proliferation, specifically affecting the number of RGLs and IPCs \[[@ref183]\]. FMRP regulates proliferation, in part by affecting the cell cycle through inhibiting translation of *CyclinD*1 and *Cdk4* mRNA \[[@ref185]\]. FMRP also regulates the cell cycle through the P53 pathway by decreasing the stability of *Mdm2* mRNA \[[@ref186]\]. Without FMRP, P53 is inhibited and degraded by increased levels of phosphorylated MDM2, leading to increases in proliferation and decreased neurogenesis. Treating animals with the MDM2 antagonist, Nutlin-3 can rescue learning deficits on hippocampus-dependent recognition tests \[[@ref186]\]. Adult neurogenesis is notably different than embryonic development in that FMRP deletion causes decreases in neurogenesis and an up-regulation of glia \[[@ref183]\]. In addition to regulation of the P53 pathway, FMRP's control of differentiation effects are partly due to regulation of the WNT/*β*-catenin pathway \[[@ref185]\]. FMRP binds *GSK3β* mRNA and inhibits its translation. GSK3*β* is a *β*-catenin inhibitor, and FMRP's neurogenesis deficits can be rescued using exogenous WNT3a or a GSK3*β* inhibitor \[[@ref185]\]. In addition, GSK3*β* inhibition can rescue hippocampal spatial and contextual learning deficits \[[@ref187]\]. Hippocampal dysfunctions are apparent in adult *Fmr1* mutant mice, and these dysfunctions can be attributed to both altered synaptic plasticity of maturation neurons and defective neurogenesis \[[@ref188]\]. As an RBP, FMRP can regulate multiple pathways and factors that converge on a single functional outcome. A broad range of RNA targets should be considered when studying any process regulated by the FXRs.

FXR2P {#sec0065}
-----

FXR2P also regulates adult neurogenesis, but its regulatory role is specific to the DG \[[@ref184]\]. Like FMRP, deletion of FXR2P increases proliferation. Unlike FMRP, FXR2P promotes gliogenesis, and its deletion increases neuron numbers and decreases astrocyte numbers. FXR2P regulates the BMP pathway by decreasing the stability of *Noggin* mRNA. In DG NSCs without FXR2P, NOGGIN protein levels rise, and the BMP pathway is inhibited. This leads to increased NSC proliferation and neuronal differentiation but decreased astrocyte differentiation. Exogenous BMP2 rescues both proliferation and differentiation phenotypes \[[@ref184]\]. Interestingly, this FXR2P regulation of Noggin/BMP signaling only occurs in DG NSCs. In the SVZ, FXR2P and NOGGIN are expressed in different cell types. Therefore, FXR2P deficiency has no impact on NOGGIN protein levels in SVZ NSCs. The fact that FXR2P has a unique phenotype in neurogenesis compared to FMRP is indicative of the functional differences between the FXRs. During maturation of adult new neurons, FXR2P and FMRP both regulate the AMPA receptor subunit GluA1, albeit through different mechanisms \[[@ref190]\]. FXR2P binds and stabilizes *GluA1* mRNA, whereas FMRP promotes GluA1 protein expression at the cell surface by an unknown mechanism \[[@ref190]\]. The additive regulatory effects of these two proteins on a molecular level may partly explain the increase in behavioral deficits seen in double knockout mice \[[@ref191]\]. It is unclear how FXR1P fits into this regulatory puzzle, but it is essential that the individual effect of FXR1P on neurogenesis be elucidated before the interaction among these three proteins can be understood.

FXR1P {#sec0070}
-----

FXR1P appears very similar to the other FXRs in structure and expression. FXR1P is highly expressed in neurons of the cortex and the hippocampus throughout postnatal development and in adults \[[@ref063]\]. Its differences from the other FXRs, however, make it a good candidate for further study in stem cells in the brain and elsewhere. FXR1P is the only FXR that is neonatal lethal in mouse knockouts, indicating a definitive role in development \[[@ref193]\]. This discovery led to a wave of studies of FXR1P in muscle development, where it clearly has a function in muscle organization and maturation \[[@ref103]\]. FXR1P promotes proliferation in myoblasts (muscle stem cells) by reducing the stability of p21 mRNA and promoting cell cycle progression \[[@ref194]\]. In facioscapulohumeral muscular dystrophy (FSHD), an inherited myopathy characterized by alternative splicing of muscle-specific isoforms, altered FXR1P expression in myoblasts contributes to disease pathology \[[@ref195]\]. FXR1P is implicated in other aspects of development, such as maintaining quiescence in oocytes in association with AGO2 and microRNAs \[[@ref090]\]. It is also important in early embryogenesis and spermatogenesis \[[@ref196]\]. FXR1P's capacity to regulate the cell cycle may also explain why it is classified as an oncogene or tumor suppressor in several types of cancer \[[@ref199]\]. Thus far, most roles for FXR1P are in developmental cell types, which coupled with its high expression in the brain, makes FXR1P a prime candidate for further study in aNSCs.

Although FXR1P is not known to directly cause diseases, protein interactome analysis suggests that FXR1P is highly connected with other autism-related proteins, more so than FMRP \[[@ref201]\]. In addition, several large-scale genome-wide association studies (GWAS) have revealed that single nucleotide polymorphisms (SNPs) within the region containing *FXR1* gene are associated with increased risks for bipolar disorder and schizophrenia \[[@ref202]\]. In addition, a SNP associated with higher *FXR1* expression levels correlates with better mood stability in both normal human populations \[[@ref205]\] and in patients with mood disorders \[[@ref206]\]. Although mutations in FXR1P have not yet been found in human mental disorders, neonatal lethality of *Fxr1*-null mice and absolute intolerance (the probability of being loss-of-function intolerant or pLI = 1.0) for loss of *FXR1* gene function in humans \[[@ref207]\] suggest that FXR1P is important in human development.

In addition to interacting with FMRP, FXR1P can also bind a large number of other autism-associated proteins \[[@ref201]\]. SNPs in *FXR1* enhance the severity of autistic behaviors \[[@ref208]\]. A common impairment in autism and FXS is intellectual disability, which can be modeled in mouse models of learning and memory \[[@ref209]\]. One study examined the role of FXR1P in learning and memory by deleting FXR1P in excitatory neurons in the CA1 and DG region using an CaMKII*α*-Cre line of mice \[[@ref210]\]. They found that a loss of FXR1P in these mature excitatory neurons increased long-term potentiation and led to better recall in the Morris water maze. Conversely, reversal learning, a task with a neurogenic component, was impaired. FXR1P repressed the translation of the AMPA subunit GluA2 through a GU-rich element it the 5'UTR \[[@ref210]\]. GluA2 is important for spatial learning and long-term memory retrieval and is unaffected in either FMRP or FXR2P-deficient neurons. To assess the role of FXR1P in adult neurogenesis, we used FXR1P-floxed mice crossed with Nestin promoter-driven inducible Cre-expressing mice. We showed that deleting FXR1P in adult NSCs led to fewer NSCs and mature neurons being generated in the adult DG. We showed that deletion of FXR1P in adult NSCs leads to decreased generation of new cells from NSCs to mature new neurons in the adult DG. The decreases in the number of cells are due to reduced cell proliferation of both NSCs and IPCs rather than changes in cell fate specification. Lack of FXR1P alters the expression of cell cycle genes. We found that FXR1P binds the mRNA of the cell cycle inhibitor p21 (*Cdkn1A,* P21^Cip1^ or P21^Waf1^) and represses p21 mRNA expression. Restoration of p21 in FXR1P-deficient NSCs rescues the proliferation deficit. Therefore, FXR1P maintains the population of adult NSCs by regulating NSC cell-cycle proteins. The behavioral consequence of FXR1P deficiency in adult neurogenesis remains to be evaluated.

CONCLUSIONS {#sec0075}
===========

Adult neurogenesis is a progressive process to produce new neurons in the brain. Largely studied in rodents, where detailed mechanistic studies can be carried out, this process has been documented in all mammals, including humans \[[@ref149]\]. Humans create 700 new neurons per day in the DG, replacing almost two percent of neurons in this region every year \[[@ref135]\]. It is likely that this significant number of cells has a significant impact on brain function. New neurons are highly plastic, and their addition to the brain impacts certain types of higher order learning and memory. Adult neurogenesis is important for discerning subtle changes or complex associations. It is also a way to individually encode very similar memories so that they remain distinct \[[@ref211]\]. Defects in neurogenesis have been correlated to learning and memory deficits as well as the pathology of neurological diseases \[[@ref108]\]. In order to truly understand the importance of neurogenesis in humans, more technological advances, particularly in the use of human neural models, are needed \[[@ref146]\].

Adult neurogenesis is a multi-step process with each step requiring proper regulation. RBPs, such as the FXRs, have significant roles in adult neurogenesis through coordinated regulation of key components. Among the FXR family members, FMRP, FXR1P, and FXR2P, FMRP has been extensively studied due to its role in FXS, while the other FXRs have remained largely overlooked. These proteins are highly conserved and contain similar domains and expression patterns. The seemingly small differences between the FXRs lead to individual functions that are just starting to be discovered. In adult neurogenesis, both FMRP and FXR2P negatively regulate proliferation but direct NSCs to divergent cell fates \[[@ref184]\]. Despite having important roles in developmental processes and cell cycle regulation, as well as genetic associations with several human diseases, the functions of FXR1P and FXR2P in neurogenesis and in the rest of the brain remain poorly understood. Because FXRs are highly expressed in the brain and are capable of binding thousands of RNA targets, they could be key coordinators of adult neurogenesis. However the genome-wide identification of FMRP targets have only been done in the mouse forebrain and in human HEK293 cells lines \[[@ref014]\]. Identification of cell type-specific FXR targets, especially in human NSCs and neurons will be critically important for understanding the function of FXRs in neurogenesis and defining both shared and unique functions of each FXR in neurodevelopment.
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